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(54) Charged particle detectors and mass spectrometers employing the same 



(57) A Faraday Cup charged-particle detector (1 ) for 
use e.g. in an isotopic ratio mass spectrometer is pro- 
vided with a charged-particle collector substrate (1 2) be- 
ing at least partially composed of carbon produced by 



burning wood or other grained or cellular organic mate- 
rial so that the substrate surface has an open cellular 
structure and wherein the cells are of elongated tubular 
form. The detector is economic to manufacture, reliable 
and has an increased lifetime. 
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Description 



The invention relates to charged-particle detectors, 
and to mass spectrometers employing one or more of 
the said detectors. More specifically, the invention re- 
lates to charged-particle detectors having an improved 
lifetime compared to known charged-particle detectors, 
to charged-particle collector substrates for such detec- 
tors, and to mass spectrometers employing one or more 
of the said detectors. 

The invention is particularly relevant to the type of 
charged-particle detector known as the Faraday Cup. 
Faraday Cups, also known as Faraday Detectors or Far- 
aday Buckets, have been used to detect both electrons 
and charged particles from the nineteenth century on- 
wards. A typical Faraday Cup comprises an electrostat- 
ically shielded enclosure of electrically conducting ma- 
terial. The enclosure has a first aperture through which 
charged particles can enter, these charged particles 
striking a collector plate within the enclosure and gen- 
erating an electrical current that is detected by a meter 
or counter connected to the collector. The electrostatic 
shielding is provided by an electrically conducting frame 
or cage surrounding the internal enclosure and electri- 
cally isolated from it. 

Faraday Cups may be used to detect either elec- 
trons or ions, but the following discussion will be limited 
to ion detection. It will be apparent to the skilled person, 
however, that many of the same or similar considera- 
tions apply to the detection of electrons. 

Since the currents involved are extremely low, any 
detector used must be very sensitive. Furthermore, in 
order that the current detected by a Faraday Cup be truly 
representative of the charged particles desired to be de- 
tected, it is important both to suppress stray ions from 
being scattered into the cup and to stop secondary elec- 
trons being emitted out of the cup, as either of these 
events will affect the detected current. An apertured, 
positively biased suppressor plate may be provided at 
the cup entrance to suppress the entry of spurious 
charged particles, and the emission of secondary elec- 
trons from within the cup may be suppressed by provid- 
ing a further, negatively biased suppressor plate. 

The suppression of secondary particles has been 
further achieved in various ways, one of which is to coat 
the inside of the Faraday Cup with secondary-particle- 
absorbing material. Among materials that have been 
suggested are soot, solid carbon, meshes of various 
forms, gold or platinum black and "electron velvet" which 
is a complex structure formed of thousands of gold-plat- 
ed copper tubes [Marmet and Kerwin, Can. J. Phys Vol 
38 (1960) pp 787 - 796]. Some of these suggestions! 
along with other Faraday Cup designs, are reviewed by 
C. E. Kuyatt ["Methods of Experimental Physics" (1 968) 
Vol. 7a, pp l-43 ; chapter entitled 'Electron-Atom Inter- 
action']. 

A further study of Faraday Cup design has been un- 
dertaken by Seamans and Kimura [Rev. Sci. Instrum., 



Vol. 64(2), February 1993, pp 460 - 469]. Seamans and 
Kimura propose the use of a collector substrate within 
the Faraday Cup that consists of a carbon plate, the sur- 
face of which has been textured with 3.8mm wide V-sec- 
5 tion grooves. This type of regularly machined structure 
may however, show periodic reflectivity changes at a 
microscopic level as an ion beam is scanned across the 
entrance of the collector 

Further work on the primary- and secondary-emis- 
io sion characteristics of carbon surfaces has been per- 
formed at NASA in the context of Travelling-Wave-Tube 
Amplifiers [e.g. Wintucky et al. Thin Solid Films, Vol. 84, 
(1981) pp 161 - 169andCurren, IEEE Trans Elec Dev. 
(Nov. 1986) Vol. ED-33 (11), pp 1902 - 1914]. The opti- 
cs mum surface in this regard suggested by the NASA 
studies is lon-sputter-textured pyrolytic graphite, which 
is obtained by exposing a carbon or carbon-coated sur- 
face to an ion beam for a number of hours until a surface 
is formed which consists of "a dense array of tall thin 
20 spires". 

The manufacture of the collector surfaces suggest- 
ed by Seamans et al and Wintucky et al is however time- 
consuming and costly, and would increase cost mark- 
edly. 

25 Typically, Faraday cups in common use are coated 
internally with carbon (e.g. colloidal graphite) to prevent 
the generation of secondary ions. However, over a pe- 
riod of time the lining of the Faraday cup gradually builds 
a deposit of impacted ions that will change the physical 
30 characteristic of the cup lining and consequently in- 
crease the likelihood of secondary ion production. The 
efficiency of the Faraday cup will therefore become de- 
graded and the peak shape will be affected. 

Faraday Cups have many applications in detecting 
35 charged particles. An application in which Faraday Cups 
are particularly useful is Isotopic Ratio Mass Spectrom- 
etry, in which a sample is ionized and the ions repre- 
sentative of a particular constituent of the sample are 
separated according to their mass (e.g. by a magnetic 
40 field) so that ions representative of different isotopes fol- 
low different paths. An Isotopic Ratio Mass Spectrome- 
ter may contain a plurality of Faraday Cups positioned 
so that ions representative of a particular isotope are 
detected by a particular cup. Such a Mass Spectrometer 
is shown, for example, in EP-A-0587448, which is incor- 
porated herein by reference. 

When an Isotopic Ratio Mass Spectrometer is op- 
erating in static mode, ions representative of a particular 
isotope are always detected by the same detector. It is 
so therefore important that the detectors are stable in their 
operation, as the degradation of one detector will lead 
to inaccurate measurements of isotopic ratio. Further- 
more, peak shape is particularly crucial in Isotopic Ratio 
measurements, so that the degradation in performance 
55 of a Carbon-coated Faraday Cup over time is particu- 
larly undesirable in Isotope Ratio Mass Spectrometers, 
and the previously mentioned periodic reflectivity 
changes which may be introduced by a regularly 
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grooved collector plate would show up as undesirable 
artefacts at the ppm level in such measurements. 

Typically, each detector will last in the region of one 
year before replacement is necessary. In an Isotope Ra- 
tio Mass Spectrometer, which typically operates at a s 
vacuum of 1 0" 8 or 1 0/ 9 Torr, replacement of the detectors 
is extremely costly and inconvenient, as the vacuum 
must be broken, the detector assembly removed and re- 
placed, the vacuum reattained and the new detector as- 
sembly calibrated. This procedure can take up to four io 
days : which can cause great inconvenience. Further- 
more, since an Isotope Ratio Mass Spectrometer may 
contain up to seven or more detectors, the good per- 
formance and reliability of the detectors is particularly 
crucial. is 

An object of the present invention is to overcome 
the above-mentioned disadvantages. In particular, an 
object of the present invention is to provide a charged- 
particle detector having an increased lifetime. A further 
object of the invention is to provide a charged-particle 20 
detector which is reliable and economic to manufacture. 
A still further object of the invention is to provide a 
charged-particle collector substrate for a charged-parti- 
cle detector which enhances the lifetime-of the detector 
and is reliable and economic. A still further object of the 2s 
invention is to provide a mass spectrometer having one 
or more charged-particle detectors having the afore- 
mentioned advantages. 

in accordance with the above-mentioned objects, 
the invention comprises a charged-particle detector in 30 
which the charged particles to be detected travel to- 
wards and impinge upon a charged-particle collector 
substrate, charged particles which enter the detector 
causing an electrical signal which is detected by signal 
measuring means, the said substrate being at least par- 35 
tially composed of carbon having an open cellular struc- 
ture. 

According to another aspect the said charged-par- 
ticle detector is a Faraday Cup detector comprising an 
electrostatically shielded enclosure, an apertured plate 40 
through which charged particles to be detected can en- 
ter the enclosure and a charged-particle collector sub- 
strate within the said enclosure, charged particles which 
enter the detector causing an electrical signal which is 
detected by signal measuring means, the said substrate 45 
being at least partially composed of carbon having an 
open cellular structure. 

According to yet another aspect, the invention com- 
prises a charged-particle collector substrate for a 
charged-particle detector, the said substrate being at so 
least partially composed of carbon having an open cel- 
lular structure. 

According to a still further aspect, the invention 
comprises a mass spectrometer having a housing, ion- 
izing means within the said housing for ionizing a sam- ss 
pie so as to form ions representative of the constituents 
of the sample, analyzing means also within the said 
housing for analyzing the said ions according to their 



mass-to-charge ratios and one or more charged-particle 
detectors tor detecting charged particles of a particular 
mass, at least one of the said charged-particle detectors 
having a charged-particle collector substrate upon 
which the charged particles to be detected impinge, 
charged particles which enter the detector causing an 
electrical signal which is detected by signal measuring 
means, the said substrate being at least partially com- 
posed of carbon having an open cellular structure. 

Advantageously, the cells forming said open cellular 
structure are long and thin and extend generally in the 
direction of the incoming particles. Preferably the cells 
are roughly tubular in form. Preferably the surface of the 
collector substrate presented to the charged particles is 
roughly transverse to the grain or axial direction of the 
tubular structure. Advantageously the collector sub- 
strate is formed of charcoal. Further advantageously the 
charcoal consists of wood or other grained or cellular 
organic material which has been burnt so as to become 
charcoal. 

Preferably, when charcoal made from a grained ma- 
terial is used, the charcoal is arranged so that the sur- 
face presented to the charged particles to be detected 
is formed across the grain of the material. Further pref- 
erably, the charcoal is cut along a plane which is across 
the grain of the material and the said cut plane is pre- 
sented to the charged particles. "Advantageously, when 
charcoal made from a cellular material is used, the char- 
coal is cut across a plane which transects at least some 
of the cells so that the said cut plane is presented to the 
charged particles, thereby providing an exposed open 
cellular structure. 

According to a further aspect, the invention com- 
prises a charged-particle detector in which the charged 
particles to be detected travel towards and impinge up- 
on a charged-particle collector substrate, charged par- 
ticles which enter the detector causing an electrical sig- 
nal which is detected by signal measuring means, the 
said substrate being at least partially composed of char- 
coal. 

Certain preferred embodiments of the invention will 
now be described in detail by way of example only and 
with reference to the figures, which are-not to scale and 
wherein:- 

Figure 1 is a partially exploded and simplified dia- 
gram of a charged-particle detector according to the 
invention; 

Figure 2 shows a cross-sectional view of the detec- 
tor of Figure 1 when assembled; 

Figure 3 shows the collector substrate; and 

Figure 4 is a schematic diagram of a mass spec- 
trometer including detectors according to the inven- 
tion. 
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Figure 1 is a partially exploded and simplified dia- 
gram of a Faraday Cup detector, shown generally as 1 . 
The detector consists of an inner cup surrounded by and 
electrically insulated from an electrostatically shielding 
outer enclosure. The inner cup includes internal cup 
frame 3 which is attached, e.g. by spot welding, to side 
walls 6. Aperture plate 10, which is attached to the inner 
frame, forms the mouth of the cup. 

The outer enclosure includes an outer frame 2 
which is connected to inner frame 3 at the rear of the 
frames by electrically insulating bolt 14. Defining slit 4, 
having side walls as shown, fits around the frames when 
assembled and forms the front and sides of the outer 
frame. The side walls of the outer frame are insulated 
from those of the inner frame by Kapton foils 5. The de- 
fining slit is attached to the outer frame by bolts 1 3 and 
to the inner frame by electrically-insulating screws 15. 
The screws 15 also pass through a number of further 
apertured plates 7,8 and 9 which are positioned in front 
of plate 10, screws 15 serving to hold the apertured 
plates in place. These plates are spaced apart by elec- 
trically insulating spacers 11 (Fig. 2). Apertured plate 7 
is connected via a wire 1 7 (Fig. 2) to a positive potential 
of approximately +1 0 Volts. This acts to repel unwanted 
positively charged ions from entering the cup. Apertured 
plate 8 is connected via wire 18 to a negative potential 
of approximately -200 Volts which acts to stop second- 
ary electrons from leaving the cup. Apertured plate 9 is 
connected to the earthed outer frame 2 by a stub 9a and 
forms an earthed guard plate 

The frame 3 of the inner cup is connected via a sig- 
nal wire 20, which passes through an insulating 
f eedthrough 1 6, to an electrical circuit 34 comprising sig- 
nal measuring means 1 9 which may be a counter or am- 
plifier. Signal measuring means 19 measures the cur- 
rent due to charged particles which impinge on the sub- 
strate 12, as discussed below. At the base of the inner 
cup a rebate is formed in which sits a charged-particle 
collector substrate 12. The collector substrate 12 is 
shown in more detail in Figure 3. It consists in this ex- 
ample of a piece of charcoal approximately 15mm in 
height by 1 .7mm in width by 4mm in depth. The charcoal 
has been formed by burning a suitable organic materia!, 
in this case wood, and has been cut across the grain of 
the wood so that the surface presented to the charged 
particles entering the cup is in a plane approximately 
transverse to the grain direction, thereby presenting to 
the charged particles an exposed open cellular struc- 
ture, the open cells being of generally elongated tubular 
form and extending generally in the direction of the in- 
coming particles. The approximate direction of the 
charged particles approaching the substrate is shown 
by the arrow. 

Figure 4 shows a mass spectrometer incorporating 
detectors according to the invention. The mass spec- 
trometer includes an evacuated housing 33 containing 
a source 21 for generating ions representative of a par- 
ticular sample, a mass analyzer 22 and three Faraday 



Cup detectors (23, 24, 25). The example shown is an 
isotopic ratio mass spectrometer having three Faraday 
Cups according to the invention. However, in practice 
more or fewer Faraday Cups may be used, and accord- 
5 ing to the design of the spectrometer, detectors of other 
types may be used in addition to the Faraday Cups of 
the present invention. Furthermore, only one Faraday 
Cup may be provided. 

Operation of the mass spectrometer shown in Fig- 
10 ure 4 is as follows; ions are generated in source 21 and 
a beam of ions 29 representative of the sample to be 
analyzed is directed towards the input of a mass ana- 
lyzer 22, typically a magnet. The incident ions pass 
through the mass analyzer with varying trajectories ac- 
is cording to their mass-to-charge ratios, and exit the mass 
analyzer in different directions as beams 30, 31 , 32. Far- 
aday Cup detectors 23, 24, 25 are each positioned to 
detect ions of a particular mass-to-charge ratio, and the 
outputs of the detectors are connected to counters or 
20 amplifiers 26, 27, 28. Conveniently the mass spectrom- 
eter may be controlled by a computer (not shown). 

A mass spectrometer of the type shown in Figure 4 
is typically used for the determination of isotopic ratios, 
in which case at least two of the amplifiers or counters 
2* 26, 27 and 28 will operate simultanesouly so that simul- 
taneous measurements of the ion flux on each detector 
can be made to reduce errors in the isotopic ratio meas- 
urement mode using these amplifiers and counters. 
To test the performance of Faraday Cups construct- 
30 ed according to the invention they were exposed to very 
high ion currents to simulate normal usage over a period 
of years. Peak flatness, cup efficiency and dynamic mul- 
ticollection analyses were made at intervals during the 
exposure experiment. It was found that even after 8 x 
35 1015 ions were impacted into the cups there was no deg- 
radation in the peak shape. Furthermore there was no 
appreciable change in cup efficiency over the exposure 
period, confirming the robustness of the cups. In fact, 
cup lifetime was estimated to be at least 5 years, and 
40 since no failure point was reached during the experi- 
ments, this is thought to be a conservative estimate. 

An advantage of the use of a collector substrate 
formed of wood charcoal cut across the grain, for exam- 
ple, is that the structure so formed consists of long thin 
-tunnels" of carbon. Energetic ions can therefore pene- 
trate deep into the substrate so that an increased depth 
of the secondary-particle-absorbing substrate is used. 
Charcoal also has a low reflectivity reducing scattering 
effects. Furthermore, the random nature of charcoal 
so formed from burnt organic matter results in a non-peri- 
odic structure which decreases artefact formation. The 
high resistivity of the material used is not relevant, as 
the currents involved are so low (typically 3 x 10*n A 
over 10mm 2 .) 

ss 
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Claims 

1. A charged-particle collector substrate (12) for a 
charged-particle detector (1 ), upon which substrate 
(1 2) charged-particles may impinge, said substrate s 
(1 2) being characterised in that it is at least partially 
composed of carbon having an open cellular struc- 
ture. 



2. A charged-particle collector substrate as claimed in 10 
claim 1 , wherein the cells comprised in said open 
cellular structure are of elongated tubular form. 



claimed in claim 8 or 9, wherein the surface of said 
substrate (12) on which at least some of said 
charged particles impinge is disposed generally 
transverse to the direction of entry of charged par- 
ticles entering said charged-particle detector (1 ). 

11. A detector for detecting charged particles as 
claimed in any of claims 8, 9 or 10, wherein said 
detector (1 ) is a Faraday cup detector (1 ) compris- 
ing an electrostatically shielded enclosure (2) : and 
an apertured plate (1 0) through which charged par- 
ticles may enter said enclosure (2), said charged- 
particle collector substrate (12) being disposed 
within said encbsure (2). 

12. A mass spectrometer comprising ionizing means 
(21) for ionizing a sample to form ions representa- 
tive of the constituents of the sample, analyzing 
means (22) for analyzing the ions according to their 
mass-to-charge ratios, and one or more charged- 
particle detectors (23; 24; 25) according to any of 
claims 8 - 11 for detecting at least some of said ions 
after they leave said analyzing means (22). 

13. A mass spectrometer as claimed in claim 1 2, where- 
in said analyzing means (22) comprises a magnetic 
sector mass analyzer (22) from which ions of differ- 
ent mass-to-charge ratios exit in different directions 
and said mass spectrometer comprises a plurality 
of said charged-particle detectors (23; 24; 25) dis- 
posed so that each of said detectors (23; 24; 25) 
receives only ions of one particular mass-to-charge 
ratio. 

14. A mass spectrometer as claimed in claim 1 3 for the 
determination of isotropic ratios, wherein signal 
measuring means (26; 27; 28) are provided for si- 
multaneously measuring the current generated by 
ions entering at least two of said plurality of detec- 
tors (23; 24; 25). 

15. A method of detecting charged-particles comprising 
allowing said particles to impinge on a charged-par- 
ticle collector substrate (1 2) so as to generate a cur- 
rent flow in an electrical circuit (34) connected to 
said substrate (12) and measuring the current so 
generated, said method characterized in that said 
substrate (12) comprises carbon having an open 
cellular structure. 

16. A method as claimed in claim 15 : wherein the 
charged particles to be detected impinge on the sur- 
face of a substrate (12) having an open cellular 
structure in which the cells comprising said struc- 
ture are of elongated tubular form and wherein said 
surface is generally transverse to the grain or axial 
direction of said cells 



3. A charged-particle collector substrate as claimed in 
claim 1 or 2, said substrate (12) having a surface is 
on which charged-particles may impinge, said sur- 
face being generally transverse to the grain or axial 
direction of the cells comprising said open cellular 
structure. 

20 

4. A charged-particle collector substrate as claimed in 
any preceding claim, wherein said substrate (12) is 
at least partially formed of charcoal. 

5. A charged-particle collector substrate as claimed in 25 
any preceding claim, wherein said substrate (12) is 

at least partially made from wood or other grained 
or cellular organic material which has been burnt so 
as to become charcoal. 

30 

6. A charged-particle collector substrate as claimed in 
claim 5. wherein the charcoal is cut along a plane 
which is across the grain of the material so as to 
form a surface on which charged particles may im- 
pinge 35 

7. A charged-particle collector substrate as claimed in 
claim 6. wherein said plane transects at least some 
of the cells forming said open cellular structure 
thereby providing said surface with an exposed eel- 40 
lular structure. 

8. A detector (1 ) for detecting charged particles, com- 
prising a charged-particle collector substrate (12) 

as claimed in any previous claim on which at least 45 
some of said charged particles may impinge to 
cause a current to flow in an electrical circuit con- 
nected lo said substrate, and signal measuring 
means (19) for measuring said current. 

so 

9. A detector for detecting charged particles as 
claimed in claim 8 : wherein said charged-particle 
collector substrate (12) is disposed so that the cells 
forming said open cellular structure extend gener- 
ally in the direction of travel of charged particles en- ss 
tering said detector (1). 

10. A detector for detecting charged particles as 
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1 7. A method as claimed in either claim 1 5 or 1 6, where- 
in said substrate (12) is at least partially composed 
of charcoal made from burning wood or other 
grained or cellular organic material. 

18. A method as claimed in any of claims 15-17, where- 
in at least some of said particles are allowed to enter 
a Faraday cup detector (1) comprising an electro- 
statically shielded enclosure (2) and an apertured 
plate (10) through which charged particles may en- 
ter said enclosure (2) and impinge on a said 
charged-particle collector substrate (12) disposed 
in said enclosure (2). 

19. A method of mass spectrometry comprising gener- 
ating ions from a sample, analysing said ions ac- 
cording to their mass-to-charge ratio, and detecting 
at least some of said ions so analyzed by a method 
as claimed in any of claims 15-18. 

20. A method of mass spectrometry as claimed in claim 
1 9, wherein the step of analyzing said ions compris- 
es dispersing said ions according to their mass-to- 
charge ratio in a magnetic sector mass analyzer 
(22) so that ions of different mass-to-charge ratios 
exit from said analyzer (22) in different directions, 
and the step of detecting at least some of the ions 
so analyzed comprises detecting in each one of a 
plurality of charged-particle detectors (12; 24; 25) 
substantially only ions of a given mass-to-charge 
ratio. 

21 . A method of mass spectrometry as claimed in claim 
20 for determining isotopic ratios, further compris- 
ing simultaneously measuring signals generated by 35 
ions entering at lest two of said plurality of charged- 
particle detectors (23; 24: 25). 

40 
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